We describe the catastrophic decline of a species of keystone rodent at a Chihuahuan Desert site. The population density of Dipodomys spectabilis averaged 7.6 individualslha from 1977 to 1983, but declined to near extinction over the winter of 1983-1984. We propose hypotheses to explain this decline: 1 ) disease; 2) damage to seed stores by heavy precipitation; 3 ) contamination of seed stores by mycotoxins. Available data cannot conclusively distinguish these possibilities, but they implicate tropical storm Octave and favor hypotheses 2 and 3. The decline of D. spectabilis was followed by increased abundance of three species of a rodents and a sharp decline in another, Perognathus JEavus. Long-term studies can provide unique insights into the nature, magnitude, and consequences of infrequent catastrophic disturbances.
There has been growing recognition of interactions (Thompson et al., 1991) , and the necessity of long-term, ecological studthe effect of climatic variation associated ies. Long-term research is essential, not with El NiAo on the rodent community only to understand processes that operate (Brown and Heske, 19906; Brown et al., over long time periods or possess high vari-1986) . ance, but also to determine the importance In this paper, we describe a singular rare of rare or episodic events (Franklin, 1989;  event, a relatively rapid and lasting change Tilman, 1989) .
in the density of one rodent species. From [1977] [1978] [1979] [1980] [1981] [1982] [1983] , Dipodomys spectabilis was Desert site (Brown and Munger, 1985 ; the second most abundant species and Brown et al., 1986; Heske et al., 1993 , comprised the largest fraction of biomass 1994) has provided insights into processes of the rodents at the site (Brown and Hesthat likely would not be detected in shorter ke, 1990b) . During the winter of 1983-1984, however, densities of D. spectabilis studies. The work of J. H. Brown and codeclined steadily; by the summer of 1984, workers has involved continual monitoring they were less than one-third of their earof the desert rodents, ants, and plants, coulier levels, and they continued to decrease. pled with experimental manipulations
Long-term research at a Chihuahuan
Densities have remained at low levels (Brown and Munger, 1985) . The long-term since the mid-1980s. At present, D. specnature of the project has yielded informatabilis is one of the rarest species in the tion about processes that operate over long community. Here, we focus on D. spectatime periods such as the impact of kangabilis, proposing hypotheses for its decline, roo rats (Dipodomys) on vegetation strucand examining the effects of the decline on ture (Brown and Heske, 1990a) , indirect the rest of the rodent community.
May I995

VALONE ET AL.-LONG-TERM STUDY OF DIPODOMYS SPECTABILIS 429 ECOLOGY OF DIPODOMYS SPECTABILIS
Dipodomys spectabilis is a large (120 g), granivorous, heteromyid rodent, characteristic of desert-grassland and desert-scrub habitats in southwestern North America (Genoways and Brown, 1993; Hoffmeister, 1986) . It typically is found below 1,220 m in elevation in habitats where grasses are present but are not dense or tall (Hoffmeister, 1986) .
Each adult D. spectabilis normally inhabits a large, mounded burrow system that typically measures 2-5 m in diameter, rises 0.5 m above the ground, and contains a maze of interconnected tunnels and chambers that extend 0.5-1.0 m belowground (Brown and Harney, 1993; Hawkins and Nicoletto, 1992; Monson, 1943; Reichman et al., 1985) . The mound serves as the center of the home range of each individual (Schroder, 1979) . It is used to store vast quantities (as much as 50-75 1) of seeds, mostly of grasses and forbs (Monson, 1943; Monson and Kessler, 1940; Vorhies and Taylor, 1922) . These seed stores typically are infected with low to moderate levels of molds comprising 5 2 7 genera and >100 species of Ascomycetes (Hawkins, 1992; Reichman et al., 1985) . The mounds are inhabited by several species of vertebrates and arthropods, some of which may be obligate symbionts (Hawkins and Nicoletto, 1992; Monson, 1943) .
Dipodomys spectabilis qualifies as a keystone species in this Chihuahuan Desert community for several reasons. It actively defends the central area around its mound against both conspecific and heterospecific rodents, thereby affecting the use of space of many species (Bowers and Brown, 1992; Bowers et al., 1987; Frye, 1983; Randall, 1984; Schroder and Geluso, 1975) . The foraging and burrowing of D. spectabilis centers around the burrow and produces a physical gradient in disturbance, vegetative cover, and species composition of plants that extends from the mound to the edge of the territory (Bowers and Brown, 1992; Guo, 1994) . Moreover, the burrow provides a habitat used by several species of symbiotic vertebrates, arthropods, and fungi (Hawkins and Nicoletto, 1992) .
DECLINE OF DIPODOMYS SPECTABILIS
Since 1977, we have systematically censused all rodents on a 20-ha site in the Chihuahuan Desert near Portal, Cochise Co., Arizona (40°17'N, 80'1 8'W). On each of 24 0.25-ha experimental plots, at monthly intervals corresponding to the new moon, 49 Sherman live-traps were set for 1 night at 6.25-m intervals in a 7-by 7-trap grid. All individuals were identified, weighed, and marked, and gender was recorded for each; for further details of methods, see Brown and Munger (1985) .
Compared with previous years, the numbers of D. spectabilis declined precipitously in the winter of [1983] [1984] (Fig. 1) . From 1977 From -1983 , density of D. spectabilis fluctuated seasonally, but remained at fairly high levels (mean number caught per census from 1981-1983 was 7.6 individuals1 ha). Thereafter, a steady decline in abundance occurred over the winter of 1983-1984, followed by a slight recovery (mean density of animals caught per censuses from 1985 to 1987 was 2.4 individualslha). Only one other species of rodent, Perognathus JEavus, exhibited a dramatic decline over the winter of 1983 (Brown and Heske, 1990b .
The decline in abundance of D. spectabilis was not confined to the study site. On a site immediately southeast of and adjacent to our study site (Jones et al., 1988; Waser and Jones, 199 l) , another population of D. spectabilis experienced a similarly dramatic decline over the same winter (Jones et al., 1988) . At a site ca. 3 km south of our study site, the density of D. spectabilis declined from 16.4 individualslha in 1982 to 9.2 individualsha in the summer of 1984 (Randall, 1984 (Randall, , 1989 1984, they should be interpreted with cauyears prior to its decline, we have no direct tion because 1982 was a year of an unusuevidence that disease led to the population ally high density D. spectabilis (Randall, decline. In fact, two kinds of circumstantial 1984).
evidence weigh against the hypothesis of disease. First, the gradual disappearance of individuals over a period of 2 1 0 months We postulate three not necessarily exclu- (Fig. 2) suggests that the pathogen would sive hypotheses to account for the decline have had low infectability, long incubation, of D. spectabilis in the winter of 1983-or both. Second, there were no obvious ex-1984 over a large area near the study site:
ternal signs of disease (e.g., lethargic be-1) a lethal disease spread through the pophavior, ragged fur, heavy parasite loads) in ulation; 2) unusually heavy precipitation the animals during this period of high mordamaged or destroyed all or part of the seed tality. stores, leading to malnutrition and starvaTropical storm Octave passed over the tion; 3) seed stores were infected with a southwestern portion of the United States fungus that produced lethal mycotoxins. In in late September and early October 1983, many systems, the transmission of parasites resulting in record high precipitation and or diseases is positively correlated with much flooding in southeastern Arizona and population density (e.g., Anderson, 1982;  southwestern New Mexico (Roeske et al., Eve, 1979; Scott, 1988) . Although the den-1989; Webb and Betancourt, 1992) . For exsity of D. spectabilis was high for the 2 ample, 129 mm of precipitation occurred on the study site near Portal from 27 September to 3 October; this represents almost 50% of the yearly average (Philippi, 1993) .
The timing of the tropical storm and the subsequent decline of D. spectabilis over a wide region may not be coincidental. The storm, however, did not directly kill large numbers of animals; more individuals were captured in the census following the storm than in the census preceding it (Fig. 2) . In autumn, however, burrows made by D. spectabilis should be full of seeds collected the previous season for consumption during the winter (Monson, 1943; Vorhies and Taylor, 1922) . Perhaps, seed stores were saturated by the steady rainfall that occurred in early October (Reichman et al., 1985) , resulting in spoiled seeds and adversely affecting survivorship in winter.
We have, however, no evidence to support the spoilage hypothesis. If individuals were suffering from chronic food shortage, their weight at last capture (i.e., final weight) should be lower than their weight recorded earlier that same winter. For the 14 animals that disappeared over the winter of 1983-1984 for which we have at least two records of weights, only 42% had lower final weights (five had lower final weight, seven had lower penultimate weights, and two had equal final and penultimate weights). About the same percentage of individuals that disappeared in previous, more typical winters, had lower final weights than penultimate weights (e.g., in winter 1980-1981, 29% of individuals, n = 7, that apparently disappeared had lower final weights than penultimate weights).
Many molds in seed stores of D. spectabilis produce mycotoxins (Bennet and Christensen, 1983; Chu, 1977; Cole and Cox, 1981; Wicklow, 1984 1981-1983) and afrer (1985-1987 Whatever the cause of the decline of D. spectabilis, it affords a unique opportunity as a natural experiment; long-term, demographic records permit comparison of the abundance of other rodents during 3-year periods before (1981) (1982) (1983) and after (1985) (1986) (1987) ) the perturbation. To examine the effect of the decline of D. spectabilis on the rodent community, we compared the average densities of other species on the 12 experimental plots where D. spectabilis experienced dramatic decreases in density af-
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ter 1983 but on which they were abundant before 1984. The density of D. spectabilis decreased significantly between the two time periods, from 1.82 to 0.40 individualsl0.25-ha plot (Table I ). In the latter period, D. spectabilis was absent continuously from three of these plots and averaged <0.5 individualslmonth on five of the other 12 plots. Of the other rodents, the density of three species (Dipodomys ordii, Peromyscus erernicus, and Peromyscus maniculatus) increased about two-fold, and one species, Perognathus $avus, decreased dramatically following the decline in D. spectabilis (Table 1; Brown and Heske, 1990b; Brown and Zeng, 1989) . It is unclear why densities of these three species, but not others, increased. All are largely granivores, and experimental evidence suggests that D. ordii competes with D. spectabilis and that the two species of Peromvscus compete with Dipodomys (Bowers et al., 1987; Brown and Munger, 1985) . Conversely, Dipodomys merriami, Chaetodipus penicillatus, and Reithrodontomys megalotis also are granivorous and would be expected to increase following the disappearance of a dominant competitor.
The decline of P. flavus may be linked to the decline of D. spectabilis. The time series of abundances for these two species 
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were highly correlated over the 10-year period from 1977-1987 (r = 0.54, P < 0.001- Brown and Heske, 1990b) . The population dynamics of these species in the short period before and immediately after the decline also were highly correlated ( Fig.   2; 1981-1984 , r = 0.48, n = 46, P < 0.01; 1982-1984, r = 0.64, n = 34, P < 0.001).
This suggests that these species responded similarly to variation in extrinsic environmental conditions or that their population dynamics are linked directly by positive interactions.
Furthermore, P. Jlavus declined to virtual extinction between autumn 1983 and summer 1984, corresponding to the decline in D. spectabilis. Densities of P. Jlavus reached their all-time high (in the 16 years of the study) in April 1983 and had declined to about their long-term average density (2.0 individualsha) by the time of tropical storm Octave (Fig. 2) . Following the storm (October 1983), both species declined to near extinction. This may not have been coincidental.
Given that D. spectabilis and P. JIavus differ in body mass by more than an order of magnitude (P. Jlavus, 7 g, is the smallest rodent usually present on the site), it may seem surprising that their population densities were correlated so highly. Their ecologies, however, are similar in several respects. Both are associated with scrub and grassland habitat and are near the western edges of their range at the study site (Hall, 1981) . Their association with a summerrain desert suggests that these species rely on seeds during winter that were produced during the previous summer and autumn (Wolff and Bateman, 1978) . The simultaneous, catastrophic decline of these two species that rely on stored seed in winter is consistent with the hypothesis that spoiled seed stores played a major role in the decline of D. spectabilis.
INSIGHTS
STUDIES FROM LONG-TERM Long-term data provide evidence of a catastrophic decline in D. spectabilis and in P. Jlavus. Spoiled seed stores as a consequence of tropical storm Octave likely affected the decline, but alternatives cannot be ruled out with certainty. The failure of D. spectabilis to recover from the decline, both on the study site and a nearby site (P Waser, pers. comm.), is puzzling. Even after 10 years, average densities of D. spectabilis are no higher than they were in the summer of 1984, immediately after the decline. In contrast, P. flavus remained virtually extinct for almost 6 years after tropical storm Octave, but recently increased to its average long-term density on the site (Heske et al., 1994) .
One explanation for the slow or lack of recovery by these species involves potential long-term effects of mycotoxins and differences in life history between D. spectabilis and P. Jlavus. We can speculate that perhaps the persistence of toxic fungi at the site for several years prevented D. spectabilis and P. f i v u s from increasing. If the prevalence of these toxic fungi has subsided in recent years, we would expect P. flavus, with its relatively higher reproductive rate and vagility (Brown and Zeng, 1989) to increase in density before D. spectabilis. In such a scenario, we anticipate D. spectabilis to increase on the site in the near future.
Few long-term studies of terrestrial vertebrates exist, and even fewer provide evidence of a natural catastrophe of the magnitude reported here. Major disturbance events of infrequent occurrence, such as storms, fires, and invasions of exotic species, are known to have dramatic effects on many populations of animals and plants and, thus, on the composition of ecological communities (Begon et al., 1986; Drake et al., 1989; Gee and Giller, 1988) . The present situation differs from these examples in that only two species were seemingly adversely affected. Other closely related and ecologically similar species of desert rodents showed little change in abundance or actually increased. Because of the keystone role of D. spectabilis, however, other longer-termed changes in the community 434 JOURNAL OF MAMMALOGY Vol. 76, No. 2 would be expected, especially if D. spectabilis does not recover from the decline. Studies of two marine systems, however, parallel the results reported here in that rapid and catastrophic declines have been documented in the abundance of a single keystone species. Dungan et al. (1982) reported the widespread, sudden decline of the predatory starfish Heliaster kubiniji in the Gulf of California during the summer of 1979, and Lessios et al. (1984) documented a similarly dramatic decline of the sea urchin Diadema antillarum in the Caribbean during 1983. In both instances, a numerically dominant species declined precipitously over the course of several weeks or months and did not recover to precrash densities even several years after the decline. Moreover, few predictable changes were noted in the composition of the rest of the community in response to the decline of these keystone species (Boyer, 1987; Jackson and Kaufmann, 1987) . However, in both marine examples, the agent causing the decline was a disease (Boyer, 1987; Dungan et al., 1982; Lessios et al., 1984) .
These examples show that dramatic natural changes in community composition occur and that their importance can be difficult to assess. In our system and in the two marine systems, the observed responses of the community to the near extinction of a keystone species would have been impossible to predict accurately. Thus, results from short-term, manipulative studies often may not validly be extrapolated to predict responses to natural catastrophes. There are at least three reasons for this limitation. First, all ecological systems exhibit complex patterns of temporal variation. The consequences of natural disturbances will depend on the current state of the system, which in turn is influenced by previous history (e.g., Brown, 1994; Hastings et al., 1993; Schaffer, 1981) . Second, a natural disturbance, unlike a controlled manipulation, potentially affects many components of an ecological system. Third, the effects of a major disturbance can be difficult to predict because they follow multiple pathways of direct and indirect interactions, each with different time lags. This is true not only for natural catastrophes, but even for controlled experimental manipulations (e.g., Bender et al., 1984; Brown et al., 1986) . The only method for evaluating the consequences of natural catastrophes that cause dramatic declines in the abundance of keystone species may be through studies whose duration exceeds that of the frequency of important disturbance events.
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